pray droplet size has long been recognized as the dominant factor with respect to spray drift, with smaller droplets having a greater tendency to move off the application site than larger ones. Droplet size from ground sprayer nozzles is dependent on the nozzle type, size, and spray pressure (Nuyttens et al., 2007) as well as spray formulation (Miller and Butler Ellis, 2000) . In addition to these effects, airblast sprayers are also influenced by secondary atomization resulting from air shear (Hewitt, 1997) . Sprays from agricultural aircraft are also impacted by air shear as a result of the airspeed of the aircraft, as well as the orientation angle of the nozzle with respect to the airstream (Bouse, 1994; Czaczyk, 2012) . Kirk (2007) introduced a more efficient methodology for assessing spray droplet size for a given nozzle based on the effects of the four significant parameters: orifice size, spray pressure, orientation angle, and airspeed. Using a response surface methodology, specifically the experimental design proposed by Box and Behnken (1960) , Kirk (2007) developed a series of models that allowed prediction of droplet size characteristics at any combination of the four parameters. These models have been well received by, and provide a significant benefit to, the agricultural aviation industry.
The models developed by Kirk (2007) incorporated 40° and 80° flat fans, #46 and #56 disc core tips, as well as several aerial-specific nozzles, including the CP-03, CP-09, and CP-11TT nozzles with straight stream tips (CP Products, Wichita Falls, Tex.) . As noted by Kirk (2007) , the CP-03 nozzle was not included as part of earlier Spray Drift Task Force (SDTF) studies but had increased from 5% to 60% usage by the aerial application industry at the time of Kirk's study. Since that time, a similar trend has occurred with a dedicated set of 20°, 40°, and 80° flat fans tips for the CP-11TT nozzle body, as well as the introduction of the CP-06 swivel, which allows for rapid orientation angle changes through a series of 15° indents. The CP-11TT nozzle body allows for placement of three individual tips of any fan angle or orifice size, providing applicators with quick, convenient nozzle changes. The 20° flat fan tip from CP Products is a recent product and has limited data reported. A nozzle similar to the CP-03, the Davidon Tri-Set (Davidon, Inc., Unadilla, Ga.), was introduced since that time and has been picked up within the industry. Although there is a current Tri-Set nozzle model, it was developed several years after the others, and as such its measurement methods are not as well documented.
The models developed by Kirk (2007) were some of the first aerial nozzle data points to have the droplet size tied to the ASABE droplet size classification (DSC) standard (ASABE, 2009) . As this standard was primarily intended for the classification of ground sprayer nozzles, no recommended nozzles or method existed for classifying aerial nozzles. Kirk (2007) interpreted and applied the standard to aerial nozzles using droplet size data measured from the recommended reference nozzles operated in still air and spraying a water-only solution to set the size classification boundaries. Additionally, all aerial nozzles tested used water plus a non-ionic surfactant (Triton X-100, Dow Chemical, Midland, Mich.). Since this work, a series of spray nozzles and pressures have been recommended for use in aerial nozzle testing that provide equivalent droplet size statistics to those recommended by ANSI/ASAE Standard S572.1 (ASABE, 2009) but can be evaluated under the same measurement setup as the nozzles being evaluated, as intended by the standard (Hewitt, 2008) . Efforts are currently in progress to revise the current standard to include these nozzles for all aerial nozzle evaluations. The droplet size data used to develop the current aerial spray nozzle models were measured using a setup initially described by Bouse and Carlton (1985) that included an engine-driven centrifugal fan with a 30 cm × 30 cm square outlet and a PMS laser spectrometer system (OAP-2D-GAI probe, Particle Measurement Systems, Inc., Boulder, Colo.). Kirk's (2007) work positioned the PMS probe 0.74 m downstream of the nozzle orifice exit for all nozzles, except for the 0° deflection straight stream nozzles, which required moving the probe to 1.12 m downstream. Full plume scans were accomplished by a series of continuous horizontal scans traversing 1/8, 3/8, 5/8, and 7/8 of the plume height. Both the fan and the measurement system have since been upgraded with more modern technologies. The current setup has been used in a number of aerial spray sizing studies (Hoffmann et al., 2009; Fritz et al., 2010) and includes a blower system capable of airspeeds up to 98 m s -1 through a 30 cm square opening. Additionally, the PMS was replaced with a Sympatec HELOS laser diffraction instrument (Sympatec, Clausthal-Zellerfeld, Germany). As will be discussed later, a single scan is used versus the series of scans required by the PMS system.
As detailed by Kirk (2007) , each nozzle was evaluated following a multi-factor experimental design that allowed for the development of a predictive model. The BoxBehnken design (BBD) response surface method (RSM) chosen resulted in 27 coded treatment points, which were different combinations of the minimum, maximum, and mid-points of each of the four parameters (orifice, pressure, orientation angle, and airspeed). One of the characteristics of the BBD is that there are no treatment points at the vertices of the space defined by the factors tested (SAS, 2014) . In other words, the BBD does not require measurements of treatment combinations of more than two factors at their extremes (either minimum or maximum). This is beneficial when conducting treatments at these extreme points would be difficult or prohibitive, but it potentially results in a higher level of uncertainty in predictions at operational points where two or more factors are at their extreme settings. By contrast, a central composite design (CCD) includes a number of the combinations of factors at their extremes in the design that, while requiring a few additional treatment points, potentially enhances predictions at these extremes, which represent the edges of the response surface (Myers et al., 2009) . Both the BBD and CCD assume that each factor tested is continuous such that the minimum, maximum, and mid-point are readily set during testing. As noted by Kirk (2007) , this was not always the case for the nozzles tested. With both the CP-03 and CP-09 nozzles, the orifices (1.55, 1.98, 3.18, and 4.37 mm) are not evenly spaced such that the midpoint of the maximum and minimum (2.96 mm) is not available. Additionally, with the CP-09, the built-in deflection plates are 0°, 5°, and 30°, meaning the experimental model requires a mid-point of 15°. Kirk (2007) obtained custom-built nozzles from the manufacturer with the correct mid-point orifices, but it is unsure how the needed 15° deflector was dealt with. Similarly with a few of the other nozzles tested, an exact mid-point orifice was not available, so the closest available was selected (Kirk, 2007) . This was an issue that had to be addressed as part of the current project. Within JMP software, a custom model design builder allows for efficient construction of an RSM design using a combination of continuous and discrete factors, which generates an I-optimal design within the operational region defined by the factors, thereby minimizing the average prediction variances (SAS, 2009 ). This allows for custom RSM designs that fit nozzles with non-continuous orifices sizes and/or deflection angles.
With the current fixed-wing nozzle models, airspeeds are limited to 71.5 m s -1 (160 mph) due to the maximum velocity that could be generated by the fan that was used. Today's modern, larger aircraft have cruising speeds up to 85 m s -1 (190 mph) and while typical application working speeds do not exceed 71.5 m s -1 , as agricultural production and crop production needs increase, future application speeds might well exceed these airspeeds. With the current testing facilities, this upper airspeed limit can be extended to accommodate future needs. Additionally, the current models limit spray pressure to 414 kPa (60 psi). Current work by the authors has demonstrated that atomization can be reduced at higher spray pressures, e.g., 621 kPa (90 psi), as a result of increasing the liquid exit velocity from the nozzle and reducing the differential velocity between the liquid and surrounding airstream. Increasing the current pressure limits with the new models will allow applicators an additional means of controlling droplet size. Finally, the current models limit the nozzle orientation angle on the CP-11TT and disc orifice straight stream tips to 20°. In the past several years, the authors have had requests from applicators and nozzle manufacturers for data at extended orientation angles.
In preparation for updating the fixed-wing nozzles models, extended efforts were made to standardize testing methods with other facilities conducting similar research. A series of atomization trials were conducted at the USDA-ARS facility (College Station, Tex.), the spray atomization research facility at the University of Queensland (Gatton, Queensland, Australia) and at the University of NebraskaLincoln (North Platte, Neb.) (Fritz et al., 2014) . Each of the three facilities uses the same model of the Sympatec HELOS system and has similar wind tunnel type setups for testing aerial spray nozzles. The standard methods reported were developed to prevent confounding data at similar treatment points from being reported by different laboratories. The methods reported as part of this article follow those developed as part of the three laboratory standardization work.
The objectives of this work were to update the current USDA-ARS aerial spray nozzle atomization models by using updated test methods and systems, to incorporate new nozzles and extended operational parameter ranges, and to provide DSC ratings with the aerial reference nozzles proposed by Hewitt (2008) . As specified by Kirk (2007) , these models must be easily usable by aerial applicators to determine the DSC from their operational setup to aid in meeting requirements set either by crop protection product labels or state regulatory agencies. The data presented will be incorporated into the USDA-ARS aerials sprays smartphone app, which is available for Apple (Cupertino, Cal.) and Google Play (Google, Mountain View, Cal.) compatible phones.
METHODS
Each nozzle was tested following a set of experimental designs as defined by the BBD, CCD, or custom response surface methods. For most nozzles, data were collected for both the BBD and CCD designs, as well as a number of additional points used to test the goodness of fit. The final response surface model was developed and compared, where nozzle types and settings overlapped, to the current nozzle models. DSCs between the current and new models were also compared. The final mathematical models were incorporated into a single spreadsheet with a simple frontend user interface requiring only inputs of nozzle type, orifice size, orientation angle, spray pressure, and operation airspeed in order to provide an estimate of droplet size characteristics and classification.
TESTING SETUP
All droplet size testing was conducted in the USDA-ARS Aerial Application Technology Research Unit's aerial nozzle testing facility. High-speed air was generated using a 164 kW diesel engine-driven forward-curve centrifugal fan (1.27 m diameter) with a tapered exit approximately 2.4 m long that exhausted through a 45 × 30 cm outlet. The tapered transition was equipped with a series of 2.5 cm diameter × 61 cm long tubes to straighten the airflow near the nozzle. Airspeed was controlled by varying the engine speed and was measured near the outlet section using a pitot tube and an aircraft airspeed indicator dial. The exit was fitted with a boom section mounted on a set of linear guides and fit to an electric linear traverse. The boom was plumbed such that the nozzle was positioned in the center (horizontally) of the wind tunnel exit ( fig. 1 ). Pressure to the spray tank was controlled by a pressure regulator, and spray pressure at the nozzle was measured using an electronic pressure gauge (PX409-100GUSB, Omega Engineering, Stamford, Conn.) that was positioned within 20 cm (8 in) of the nozzle outlet. Droplet size data were measured using a Sympatec HELOS laser diffraction system. The majority of the testing was conducted using the R6 lens (0.5/9-1750 μm dynamic size range in 32 bins). However, a few of the nozzles and operational settings, specifically the straight stream nozzles at 0° orientation and the narrower angle flat fan nozzles at 621 kPa (90 psi) and 54 m s -1 (120 mph), required switching to the R7 lens (0.5/18-3500 μm). The Sympatec system was located 45.7 cm downwind stream of the nozzle and positioned such that the measurement zone was aligned vertically with the center of the tunnel outlet. The 0° orientation straight stream nozzle required moving the Sympatec system farther downstream, to 1.5 m, to ensure complete atomization of the spray. At this position, a 0.91 m square section was position between the nozzle and the Sympatec system to maintain the airstream and ensure spray movement through the measurement zone. Measurements at each treatment point consisted of a minimum of three replicated measurements, with additional replicates added if needed to ensure that standard deviations were within 10% of the means for each parameter reported. Each replicated measurement consisted of the nozzle being traversed vertically such that the entire spray plume was traversed through the measurement zone. The droplet size metrics recorded for model development included the D V0.1 , D V0.5 , and D V0.9 (ASABE, 2012) as well as % <100 μm and % <200 μm (percent of spray volume comprised of droplets with diameters of less than 100 and 200 μm, respectively). Each treatment point was coded in the HELOS software with nozzle and operational setting information. Means for each set of replicates were calculated using JMP (SAS, 2014) and used to develop each specified model.
NOZZLES TESTED AND EXPERIMENTAL DESIGNS
A total of 12 nozzles were evaluated as part of this work. The 40° and 80° flat fan tips, CP-03, CP-09, and CP-11TT with straight stream tips, and disc orifice straight stream tips included in Kirk's (2007) testing were included. The #46 and #56 cores were replaced with a #45 core, and both stainless steel and ceramic disc core nozzles were tested. Additional nozzles included the 20°, 40°, and 80° flat fan tips in the CP-11TT nozzle body, as well as the Davidon Tri-Set nozzle. Data collection for all nozzles, except the CP-03, CP-09, and Davidon Tri-Set, included the treatment points needed for both the BBD and CCD designs, as well as an additional 8 to 10 independent data points (set at a combination of the four operational parameters that did not overlap the BBD and CCD treatment points) to be used in testing each model's fit. Experimental designs were developed in JMP using the maximum and minimum values of the effect variables (orifice, pressure, orientation, and airspeed). The response variables of interest that were coded into the designs were D V0.1 , D V0.5 , and D V0.9 , % <100 μm, and % <200 μm. With these inputs, the BBD or CCD designs were generated. For the CCD design, the axial points were set to fit the maximum and minimum ranges of the four factors. The custom designs for the other three nozzles were generated following a similar approach, with the exception that orifice was set as a discrete factor with each actual orifice size specified; for the CP-09, orientation was also entered as a discrete factor with each level entered. All nozzle models used spray pressure and airspeed as continuous factors with treatment levels (low, middle, and high) of 207, 414, and 621 kPa (30, 60, and 90 psi) and 54, 67, and 80 m s -1 (120, 150, and 180 mph), respectively. The orifice sizes and orientation angles for each of the nozzles tested are shown in table 1. The response surface models developed are also shown in table 1.
While Kirk (2002) provided a coded layout of the BBD design, the authors thought it worthwhile to do so again, along with the CCD design, to contrast the differences between the two (table 2). The custom designs used are also presented for comparison to the others. Where the BBD never has more than two factors at either extreme combined, by contrast the CCD has several treatments in which three or four factors are at maximum or minimum levels. The custom design follows a similar approach, but as two of the factors are at discrete levels and the model does not have to account for a continuous space, the experimental design is more efficient (19 treatments vs. 25 for the BBD and CCD).
In addition to the nozzles tested to develop the atomization models, reference nozzle data were required to provide the DSC ratings required for complying with many product labels and state regulatory policies. Kirk (2007) used the reference nozzles and operational settings recommended by ANSI/ASAE Standard S572.1 (ASABE, 2009) to set the boundaries between the different spray classifications where all reference nozzle sizing was conducted in still air. The intent of the standard was to provide a means of rela- [b] Orifice sizes are as specified by the manufacturer; therefore, no units are shown. tive nozzle comparison, as it has long been recognized that different instrument, methods, and facilities will return different absolute numbers for identical nozzles and operational settings (ASABE, 2009). The current standard specifying still air does not provide a valid reference for nozzles evaluated under aerial conditions (Hewitt, 2008) . To address this, Hewitt (2008) determined a set of nozzles and spray pressures that, when evaluated in an airstream of 51 m s -1 (115 mph), provide equivalent droplet size data (D V0.1 , D V0.5 , and D V0.9 ) to the data generated from groundbased reference nozzles. The recommended nozzle and pressure combinations for each category are: VF/F (11001 at 450 kPa), F/M (8003 at 550 kPa), M/C (8005 at 300 kPa), C/VC (6515 at 400 kPa), and VC/XC (4015 at 280 kPa). These recommended nozzles and settings were used in this model update.
DATA ANALYSIS
All data analysis and model development were done using JMP. Once final models were developed, all treatment points collected for a given nozzle that were not used as part of the model development were used as test fit points. For example, to test the goodness of fit of the CCD model for the CP-11TT 20° flat fan nozzle, the eight independent test points collected as well as the data used to generate the BBD model were used to compare to model-predicted values for the operational conditions of each treatment. Model test fitting was conducted using Excel (Microsoft Corp., Redmond, Wash.) by plotting the measured values for each treatment to those predicted by the model. Comparison of the current models to the new models, where nozzles, orifices, and other parameters overlapped, was done using custom software programmed in FORTRAN (Fortran PowerStation 4.0, Microsoft 1994 -1995 to calculate the percent differences between the D V0.1 , D V0.5 , and D V0.9 , % <100 μm, and % <200 μm for the current and new models at 0.45 m s -1 (1 mph) increments of airspeed, 6.9 kPa (1 psi) increments of spray pressure, and each orifice and spray angle shared by the current and new models. Additionally, the change in DSC from the current model was determined. Summary statistics were determined using JMP.
RESULTS
Similar to Kirk (2007) , second-order response relationships were fitted following the format of equation 1 to the data collected for each nozzle and model type evaluated: 
where Y = atomization parameter to be predicted based on input combination of X 1 through X 4 (i.e., D V0.1 , D V0.5 , etc.) X 1 = (orifice size -C sub1 ) / C div1 (unitless, specific orifice number for each nozzle) X 2 = (airspeed -C sub2 ) / C div2 (mph for model input user interface) X 3 = (spray pressure -C sub3 ) / C div3 (psi for model input user interface) X 4 = (orientation angle -C sub4 ) / C div4 (degrees for model input user interface) C subi = constant subtraction term used to adjust each X i Table 2 . Box-Behnken, central composite, and custom response surface experimental design treatment combinations.
[a]
Factor levels represent the minimum (-1), mid-point (0), and maximum (1) levels for each factor: X 1 = orifice, X 2 = airspeed, X 3 = spray pressure, and X 4 = orientation angle. [b] Custom design is shown for X 1 (orifice) at four discrete levels and for orientation angle (X 4 ) at three discrete levels. The same number of treatments was used for the custom design with X 1 at three discrete levels with slight modifications to the factor combinations used.
from input value to a value between -1 and 1 (unitless and unique for each nozzle) C divi = constant dividend term used to adjust each X i from input value to a value between -1 and 1 (unitless and unique for each nozzle) A to O = constant coefficients for each term of the prediction expression (unitless and unique for each nozzle). All model terms were developed using imperial units, as the majority of the users of these models are U.S. aerial applicators for whom mph and psi are the common units for airspeed and spray pressure, particularly in regard to the currently available spray nozzle models. It should also be noted that the models are only applicable across the minimum and maximum ranges tested for each parameter. With all nozzle models, similar to the results found by Kirk (2007) , the linear terms were dominant, with airspeed and orientation being most significant (α = 0.05). Typically, the airspeed by orientation term was the most significant crossfactor for each parameter in the models.
GOODNESS OF FIT
The response surface equations for the BB and CCD models for all of the models tested had high R 2 values ranging from 0.94 to 0.99 for all droplet size parameters (D V0.1 , D V0.5 , and D V0.9 , % <100 μm, and % <200 μm), signifying that the models resulted in excellent estimates of each of the parameters measured that were used to develop the models. When looking at each of the models fit to both the independently run treatment points as well as the other model treatment points not used for that specific model, overall R 2 values were lower. The R 2 for the D V0.1 fits ranged from 0.87 to 0.96 for the BB models and from 0.90 to 0.97 for the CCD models. For the custom models, D V0.1 fits ranged from 0.83 to 0.92. In all cases where both BBD and CCD models were evaluated, the CCD resulted in the highest R 2 to the D V0.1 data. Similarly, the R 2 for the D V0.5 fits ranged from 0.90 to 0.95 for the BBD models and from 0.93 to 0.98 for the CCD models, with the CCD fits being better in all cases. For the custom models, the D V0.5 fits ranged from 0.81 to 0.92. The R 2 for the D V0.9 fits ranged from 0.86 to 0.97 for the BBD models and from 0.89 to 0.97 for the CCD models, with the CCD fits being equal or better in all cases. For the custom models, the D V0.9 fits ranged from 0.85 to 0.9. The R 2 values for the % <100 μm and % <200 μm data ranged from 0.91 to 0.99 for the BBD models and from 0.93 to 0.99 for the CCD models, with CCD resulting in equal or better fits in all cases. Custom model R 2 for the same data ranged from 0.95 to 0.97. Given that the CCD models provided equal, and in most cases better, fits than the BBD models, the CCD model experimental design was incorporated into the updated nozzle models for all nozzles, except those for which custom designs were used (CP-03, CP-09, and Davidon Tri-Set). The subtraction and dividend terms for each nozzle model are given in the Appendix (table A1) , and the unique coefficients for each nozzle are provided in tables A2 through A13.
DSC REFERENCE NOZZLE DATA
Droplet size data for the aerial reference nozzles suggested by Hewitt (2008) are given in table 3, along with the values reported by Hewitt for these nozzles. There is very close agreement between the data generated as part of this work and the data presented by Hewitt (2008) . Moreover, recent efforts by Fritz et al. (2014) resulted in means for these same nozzles and settings with few significant differences between the three participating laboratories. By contrast, the reference nozzle data used for DSC in the current nozzle models are given in table 4. While these data were not originally presented by Kirk (2007) , they are attributed to that work. It is readily apparent that there are differences between the two sets of DSC data, with the current model data having larger overall volume mean diameters than the updated aerial reference nozzle data. A number of references have documented that PMS data collection consistently produces larger average droplet diameters than laser diffraction based instruments (Arnold, 1987 (Arnold, , 1990 Dodge, 1987) . Teske et al. (2002) concluded that the major differences between the PMS system and other laser diffraction systems were primarily sampling and operational differences. The differences seen between these data sets are consistent with the reported literature. Additionally, while Hewitt (2008) selected the nozzles and pressures to be used in a high-speed tunnel to match droplet size data as closely as possible with the ANSI/ASAE S572.1 reference nozzle data, given the differences in nozzle and wind tunnel conditions, differences were expected beyond those attributable to the measurement system. 
COMPARISON OF CURRENT MODEL RESULTS TO THE NEW MODEL RESULTS
Comparing the current versions of the models to the newly generated models becomes challenging given the sheer number of combinations of orifice, pressure, orientation, and airspeed at which each nozzle can potentially operate. For example, there are over 57,000 unique combinations for the 40° flat fan nozzle alone over the defined modeling space. As such, general observations across the entire operational space, as well as summaries across ranges of airspeeds, i.e., 54-58, 58-63, 63-67, and 67-72 m s -1 (120-130, 130-140, 40-150, and 150-160 mph) , and pressures, i.e., [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , and for each orifice and orientation angle were made for each nozzle and set of operational parameters for which the current and new models overlap. Summary statistics were made for overlapping ranges in airspeed of 53.6 to 71.5 m s -1 (120 to 160 mph in 1 mph increments) and in pressure of 207 to 414 kPa (30 to 60 psi in 1 psi increments). Summary comparisons were also made for all models with data grouped by current model DSC. To compare the current and new models, percent differences, expressed as [(current -new)/current] × 100, were determined for D V0.1 , D V0.5 , and D V0.9 , % <100 μm, and % <200 μm. Additionally, the average change in current DSC was determined across the ranges expressed earlier and for each orifice size and orientation angle. The differences that are discussed in detail below are an effect of the differences in droplet measurement systems and reference nozzles between the two modeling efforts, as well as the effect of the different types of response surface models used.
The percentages of the operational combinations within each DSC for the current and new models of each nozzle are shown in table 5. Table 5 is meant as a quick guide for applicators when making nozzle selections. For example, if a specific crop protection product label requires a coarse spray, an applicator would see that, for the 40° flat fan nozzle, only 1% of all possible combinations of airspeed, orifice, pressure, and orientation would be able to produce a coarse spray. However, if the CP-11TT straight stream nozzle were chosen, approximately 50% of all operational combinations would produce a coarse or higher DSC. This nozzle selection guide gives the applicator a much better chance of producing the desired droplet size with the applicator's aircraft. Table 5 also highlights the shifting of the DSC between the current and new models. A specific analysis of each nozzle is provided in the following sections.
40° Flat Fan
The current and new models overlap for the standard 40° flat fan nozzle for orientation angles from 0° to 90° (comparison made in 15° increments) and orifice sizes of 4, 6, 8, 10, 12, 15, 20, and 30 . Over the entire shared operational surface, the average D V0.1 , D V0.5 , and D V0.9 values decreased in the new model by 2.6%, 15.8%, and 1.6%, respectively, while the average % <100 μm and % <200 μm increased by 105.7% and 115.4%, respectively. Of the operational points, 65% retained the same DSC, while 20.3% increased by one class and 14.7% decreased by one class. Very similar changes were seen within each of the three spray pressure ranges; however, very different trends were seen when examining the differences with respect to orientation angles and orifice sizes. Generally speaking, the smaller orifices (4 to 10) had overall increases in D V0.1 in the new model, averaging 20% to 30%, with 20% average decrease in D V0.5 and 7% to 12% average decrease in D V0.9 . The DSCs remained the same for 60% to 65% of the 4 to 10 orifice operational points, with 30% to 35% increasing by one class and only 1% to 12% dropping by one class. The larger orifices (12 to 30) had overall decreases in D V0.1 (10% to 40%) and D V0.5 (9% to 16%), with increased differences in D V0.1 and decreased differences in D V0.9 as orifice size increased. While 60% to 70% of the larger orifice DSCs remained the same, 30% to 35% of the points dropped by one DSC and 2% to 4% increased by one DSC, depending on the orifice size. Across the entire operational surface, 46% of the previously rated very fine (VF) sprays remained in the same class, with 54% increasing to a fine (F) spray. Of the current F sprays, 90% remained an F spray, while 5% dropped to a VF spray and 5% increased to a medium (M) spray. Of the current M sprays, 50% remained the same, while 46% dropped to an F spray and 4% increased to a coarse (C) spray. Of the current C sprays, 55% remained C, with 45% dropping to an M spray. As a perspective on these class changes, with the current model, 32% of the overlapping operational points are VF spray, 41% are F, 26% are M, and less than 1% are C. Across the overlapping points, with the new model, 17% of the points are VF, 66% are F, 15% are M, and 1% are C.
80° Flat Fan
Like the 40° flat fan, the current and new 80° flat fan models overlap for orientation angles from 0° to 90°. However orifice sizes only overlap for 2, 4, 6, 8, and 10. Over the entire operational surface, the average D V0.1 values increased with the new model by 46%, and D V0.5 and D V0.9 decreased by 20% and 10%, respectively. Overall, the % <100 μm values changed very little (<1%), while the % <200 μm averaged increases of 75%. Of the current DSC, 55% remained the same while 41% increased by one class and 4% decreased by one class. The D V0.5 , D V0.9 , % <100 μm, and % <200 μm changes were consistent across the four airspeed ranges, while average increases in D V0.1 ranged from 7% to 100%, with greater increases at higher airspeeds. Of the current VF sprays, 44% remained a VF spray, with 56% increasing to an F spray. All of the current F sprays remained F, while 82% of the current M sprays dropped to F sprays and 13% remained as M sprays. Over the entire operational surface, 73% of the current operational combinations are VF, 22% are F, and only 5% are M. By comparison, across the new model overlapping points, 33% are VF, 67% are F, and 1% are M.
CP-03
The current and new models overlap across all available orifice sizes (0.061, 0.078, 0.125, and 0.172) and deflector angles (30°, 60°, and 90°) as well as the established airspeed and pressure ranges for which these comparisons were made. Compared to the current model, average predicted D V0.1 data from across the entire combination of operational factors with the new model increased by 41%, while D V0.5 and D V0.9 on averaged decreased by 4% and 2%, respectively. The % <100 μm decreased by 5%, while the % <200 μm increased by 42%. Of the current DSC, 42% remained the same, while 50% increased by one class and only 8% decreased by one class. The changes in droplet size parameters were similar for both the spray pressure ranges and orifice sizes. Across all 30° orientation operational setups, average D V0.1 increased by 39%, while D V0.5 remained equal and D V0.9 decreased on average by 25%. Of the current VF sprays, 99% increased to F sprays, while 98% of current F sprays remained F with 2% increasing to M sprays. Of the current M sprays, 97% decreased to F sprays with 4% remaining M. Overall, 55% of the current model's operational combinations are VF, 37% are F, and 8% are M, while with the new model 6% are VF, 93% are F, and 1% are M.
CP-09
The current and new models overlap across all orifice sizes (0.062, 0.078, 0.125, and 0.172) and orientation angles (0°, 5°, and 30°). Across the complete overlapping surface, D V0.1 and D V0.5 decreased with the new model, on average, by 18% and 6%, respectively, while D V0.9 increased by 7%. The % <100 μm increased, on average, by 21%, while the % <200 μm increased 60%. These changes were consistent for each airspeed and pressure range compared, as well as each orifice size. However, with deflection angle, D V0.1 decreased by 3% for the 0° angle, while D V0.5 and D V0.9 increased by 22% and 33%, respectively, while % <100 μm decreased by 23% and % <100 μm increased by 15%. With the 5° deflector, D V0.1 and D V0.5 decreased in the new model by 17% and 8%, respectively, while D V0.9 increased by 10% and % <100 μm and % <200 μm increased by 3% and 40%, respectively. At 30°, D V0.1 , D V0.5 , and D V0.9 all decreased (35%, 33%, and 23%, respectively), while both % <100 μm and % <200 μm increased (84% and 126%, respectively). The overlapping operational points had 50% remaining at the same DSC, while less than 1% decreased by two classes, 34% decreased by one class, and 16% increased by one class. Of the current VF sprays, 29% remained in the VF class, with 71% increasing to an F spray. Of the current F sprays, 75% remained in the F class, with 9% dropping to VF and 16% increasing to M. Of the current M sprays, 38% remained in the same class, with 52% dropping to F and 11% increasing to C. Of the current C sprays, 76% remained C, with 3% dropping to F, 24% increasing to VC, and less than 1% increasing to XC. With the current model, 5% of the operational points are VF sprays, while 31% are F, 61% are M, and 3% are C. By contrast, with the new model, 4% are VF, 58% are F, 28% are M, 9% are C, 1% are VC, and less than 1% are XC.
CP-11TT Straight Stream
The current and new models overlap for orifice sizes 8, 10, 12, 15, 20 , and 25 and orientation angles of 0° and 15°. On average, across the overlapping operational space compared, with the new model, D V0.1 decreased by 24%, and D V0.5 and D V0.9 increased by 10% and 6%, respectively. Similar to the Davidon Tri-Set, the % <100 μm increased on average by a minimum of 100%, but predicted values for % <100 μm of less than 1%, or in many cases zero, resulted in inflated increase estimates. The % <200 μm predictions increased, on average, by more than 200%. These results were consistent across all factors except orientation angle. The 0° orientation angle showed similar results; however, at 15°, D V0.1 , D V0.5 , and D V0.9 all decreased (31%, 6%, and 8%, respectively). Across the full overlapping surface, 41% of the current DSC remained in the same class, with 16% dropping by one class, 33% increasing by one class, and 10% increasing by two classes. Of the current VF sprays, 49% remained a VF spray, and 51% increased to an F spray. Of the current F sprays, 40% remained F, 20% dropped to VF, 36% increased to M, and 4% increased to C. Of the current M sprays, 52% remained M, 14% increased to C, and 34% increased to VC. With the current model, 3% of current operational setups result in F sprays, 80% result in M, and 17% result in C. With the new model, 17% are F, 33% are M, 37% are C, 6% are VC, and 7% are XC.
Davidon Tri-Set
The current and new models overlap across all available orifice sizes (0.062, 0.078, and 0.125) and deflector angles (0°, 22.5°, and 45°), as well as the established airspeed and pressure ranges of comparison. Across all operational combinations, the D V0.1 values decreased with the new model on average by 36%, with D V0.5 decreasing by 5% and D V0.9 increasing by 2%. The % <100 μm increased on average by a minimum of 100%, but as the current model has quite a few points where the predicted % <100 μm is less than 1%, or in many cases zero, determining an actual average, without arbitrarily assigning a maximum percent difference cutoff point, was difficult. The % <200 μm predictions increased, on average, by more than 200%. These differences were consistent across airspeed and spray pressure ranges, orientation angles, and orifice sizes. The DSC classification remained the same for 37% of the operational setting combinations, with 10% dropping by two classes, 30% dropping by one class, 13% increasing by one class, and 10% increasing by two classes. Across the entire overlapping operational surface, the current model has 26% of the sprays rated F, 61% rated M, 11% rated C, and 2% rated VC, while the new model has 11% rated VF, 53% rated F, 14% rated M, 9% rated C, 4% rated VC, and 10% rated XC.
Disc Core Straight Stream
The current and new models overlap at orientation angles of 0°, 10°, and 20° and orifice sizes of 6, 8, 10, and 12. Across this overlapping space, with the new model, D V0.1 , D V0.5 , and D V0.9 all increased, on average, by 3%, 12%, and 18%, respectively, while % <100 μm decreased by 36% and % <200 μm increased by 16%. With respect to DSC, 46% remained in the same class, with 4% dropping by one class, 38% increasing by one class, and 12% increasing by two classes. While the D V0.9 and % <100 μm changes were consistent across all factors compared, there were differences in D V0.1 , D V0.5 , and % <200 μm. At lower airspeeds, D V0.1 decreased on average by 4%, with increases of 17% at the higher airspeed range. D V0.5 followed previously mentioned change rates. At 0° and 10° deflection, the differences were similar to the overall trends, but at 20°, D V0.1 and D V0.5 decreased by 10% and 4%, respectively, while D V0.9 increased by 5%. With respect to orifice size, D V0.1 increased on average by 17% for the smallest orifices and decreased by 4% to 7% for the largest two orifices, while D V0.5 and D V0.9 increased by 11% and 17%, respectively, and % <100 μm decreased by 40%. The % <200 μm decreased by 3% for the smallest orifice and then trended toward continual increases, up to 40%, as orifice size increased. Over the complete overlapping surface, 46% of the DSC remained the same, with 4% dropping by one class, 38% increasing by one class, and 12% increasing by two classes. Of the current VF sprays, 80% increased to F, with 20% increasing to M. Of the current F sprays, 61% remained F, with 32% increasing to M and 9% increasing to C. Of the current M sprays, 43% remained M, with 7% dropping to F, 44% increasing to C, and 6% increasing to VC. Of the current C sprays, 36% remained C, with 23% increasing to VC and 41% increasing to XC. All (100%) of the current VC sprays remained VC. With the current model, 2% of the overlapping operational combinations are VF, 29% are F, 54% are M, 14% are C, and less than 1% are VC, while with the new model, 24% of the sprays are F, 32% are M, 31% are C, 6% are VC, and 7% are XC.
CHARACTERISTICS OF THE NEW MODELS AT EXTENDED PRESSURES AND AIRSPEEDS
One of the primary reasons for these updates was to extend the spray pressure and airspeed ranges for all of the nozzles tested. As mentioned previously, as agricultural aircraft become larger and faster, there is a critical need for information on what happens to droplet size beyond the current 71.5 m s -1 (160 mph) limit and for tools to help mitigate the production of driftable fine droplets in the spray. These updated models show that an increase in spray pressure, at a constant airspeed, increases the overall droplet size spectra. As an example, a standard 40° flat fan nozzle (8 orifice) with a spray pressure of 207 kPa (30 psi) at 54 m s -1 (120 mph) results in an M spray with D V0.1 , D V0.5 , and % <100 μm of 160 μm, 349 μm, and 1.5%, respectively. Increasing the airspeed to 72 m s -1 (160 mph) results in an F spray with D V0.1 , D V0.5 , and % <100 μm of 115 μm, 295 μm, and 6.6%, respectively. Increasing the airspeed even more, to 80 m s -1 (180 mph), results in an F spray with D V0.1 , D V0.5 , and % <100 μm of 93 μm, 206 μm, and 11.9%, respectively. Using the same nozzle and airspeed and increasing the pressure to 621 kPa (90 psi) results in an F spray with D V0.1 , D V0.5 , and % <100 μm of 104 μm, 241 μm, and 8.8%, respectively. As these results show, while the decrease in droplet size due to increased airspeed does not see much relief with the increased spray pressure (likely due to the 40° fan angle, which has increased air shear on the outer edges of the fan), the increase is present.
With a straight stream nozzle, these results are more dramatic. Using a CP-11TT with straight stream tips, and using the same operational settings at 54 m s -1 (120 mph) results in an XC spray with D V0.1 , D V0.5 , and % <100 μm of 249 μm, 554 μm, and 1.7%, respectively. Increasing the airspeed to 72 m s -1 (160 mph) results in an M spray with D V0.1 , D V0.5 , and % <100 μm of 137 μm, 305 μm, and 5.9%, respectively. Increasing the airspeed to 80 m s -1 (180 mph) results in an F spray with D V0.1 , D V0.5 , and % <100 μm of 101 μm, 233 μm, and 9.3%, respectively. Using the same nozzle and airspeed and increasing the pressure to 621 kPa (90 psi) results in an M spray with D V0.1 , D V0.5 , and % <100 μm of 164 μm, 398 μm, and 4.8%, respectively. While adapting a typical agricultural aircraft to operate at 621 kPa may take some effort, as this model shows, in combination with a straight stream nozzle, an M spray, which is required by many product labels for application by air, can be obtained. It should be noted that this is not the only option for an M spray at 80 m s -1 (180 mph), merely one selected to illustrate the changes in droplet size occurring with changes in both airspeed and spray pressure.
CONCLUSIONS
The development of spray atomization models has proven to be a very useful tool for aerial applicators. Due to improvement in agricultural aircraft and in the scientific equipment and methods used for measuring spray droplet size, it was necessary to develop new models. The new models increase the usable ranges of airspeed, spray pressure, and nozzle orientation to better fit the needs and application conditions of modern aerial application. Different response surface methodologies that allow for a better fit of the modeled data to the measured data over the entire range of operational conditions were used in the development of the new models. By contrasting the new models with the current USDA-ARS spray atomization models developed by Kirk (2007) , the following conclusions can be drawn:
• The new models use a central composite design (CCD), which resulted in a better of goodness of fit between the modeled data and measured data than the Box-Behnken design (BBD) that the current models use.
• The CP-03, CP-09, and Davidon Tri-Set models use a custom model design that better accommodates the non-uniform spread of orifice sizes and orientation angles, which do not fit the format required for the CCD or BBD.
• While detailed descriptions of the changes in droplet size parameters for each nozzle are provided in the text, the new models generally tended to group droplet size classifications (DSCs) around the fine and medium categories and less in the very fine category, as compared to the current models for flat fans and disc core nozzles, with the opposite trend seen for straight stream nozzles.
• The new models show that as airspeed increases across the total operational span, the droplet size spectra for all nozzles decrease. The models also show that higher spray pressures, at the same airspeed, dramatically increase spray droplet size and can be used to counteract the increased atomization seen when operating at higher airspeeds. Table A1 . Subtraction and division terms (eq. 1) used to convert factor inputs to model coded inputs (-1 to 1). CP-11TT 20° flat fan  12  8  150  30  60  30  45  45  CP-11TT 40° flat fan  17  13  150  30  60  30  45  45  CP-11TT 80° flat fan  16  14  150  30  60  30  45 
APPENDIX
Nozzle X 1 (Orifice size, unitless) X 2 (Airspeed, mph) X 3 (Pressure, psi) X 4 (Orientation, degrees) C sub1 C div1 C sub2 C div2 C sub3 C div3 C sub4 C div4X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0.X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0X 1 × X 2 X 1 × X 3 X 2 × X 3 X 1 × X 4 X 2 × X 4 D V0
